UAV (unmanned aerial vehicle) has an important value of application both in military and civil fields for its characteristics such as low risk, good flexibility, high reliability and strong adaptability. However, more and more requirements are increased with the flight control system. A lot of control strategies are put forward to meet multiple performance objectives, such as closed-loop stability, fast transient response and precise tracking. Among them, the sliding-mode control is widely used in flight control system [1] [2] [3] [4] .
limited input torque, working range and measurement speed. However, there are rare researches on state constraint in flight control system. A two-loop performance-oriented control approach is given for a class of multiple-input-multiple-output (MIMO) system with input saturation and state constraints in [10] , getting fast transient response speed as well as good steady-state tracking accuracy without violating constraints. In [11] , a global optimal sliding-mode control algorithm is proposed for non-linear system to conquer the acceleration constraint. This algorithm optimizes the performance index. Although these papers mentioned earlier research the state constraint to some degree, they are not combined with the flight control system. As the flight control system is subject to parametric uncertainty and external disturbances, it is hard to make sure that the tracking error converges monotonically as soon as possible without violating state constraints when the initial states are far away from the desired trajectory.
Therefore, based on the actual flight control system, this paper presents a strategy of optimal sliding-mode control for non-linear flight control system which is subject to parametric uncertainty, external disturbances, and state constraints which are respectively the state tracking error constraints. The integral of time multiplied by the absolute displacement tracking error is introduced as the performance criterion. By determining the parameters of sliding-mode surface, the optimal control strategy can be obtained. The proposed strategy can ensure that the displacement tracking error converges to zero without overshoots and minimizes the performance criterion to achieve good tracking accuracy and fast transient response speed based on the condition of state constraints. This paper is organized as follows. Problem formulation is presented in Section 2. Besides, the state constraints, more specifically, the velocity tracking error constraint and the acceleration tracking error constraint are analyzed and formulated. Then the sliding-mode control strategies are discussed in Section 3. In this section, the optimal parameters of sliding-mode surface and control law are obtained. In Section 4, the semi physical simulation is conducted on Qball-X4 which is produced by Quanser Company. The effectiveness of the algorithm is proven by simulation. Finally, the conclusion is drawn in Section 5.
PROBLEM FORMULATION
The non-linear third-order flight control system is described as follows: (7), at the time
, we obtain it as follows:
.. .
While during the time
f ,we obtain it as follows:
.. . (12) In order to make the displacement tracking error converge to zero monotonically without overshoot as soon as possible, the characteristic equation (12) should have a pair of equal real roots [12] . Therefore, we obtain it as follows:
Then solving (11) and (12) with (9) and (13), for the time
, the tracking errors can be described as follows: 
We define c as follows:
Then B can be described with c as follows:
In order to suppress the chatter of sliding-mode, the exponential reaching law is chosen as the control method, and the sign function is replaced by ( ) / ( ) R s s s I . So the selected sliding-mode surface is expected as follows:
Solving (1) with (7) and (22), we can obtain the actuator input as follows:
onsidering the flight safety and flying qualities, the rapid response and control precision of flight control system should be guaranteed firstly. So the performance index is chosen as follows to minimize the integral of the time multiplied by the absolute displacement tracking error:
3.1 Velocity tracking error constraint Theorem 1:The optimal value of (24) which is subject to (5) 
Combining (28) and (21), we can obtain as follows: However, these parameters would result in the infinite control signal and the infinite acceleration tracking errors which are unacceptable in practical applications. Therefore, this method is not appropriate for the velocity tracking error only. Other factors should be taken into consideration to determine the feasible maximum value of 1 op c .
Acceleration tracking error constraint
Theorem 2:The optimal value of (24) which is subject to (6) is achieved when 1 
SIMULATION
In order to verify the effectiveness of the proposed optimal sliding-mode control strategy, we choose the Qball-X4 experimental platform which is produced by
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Quanser company as the research plant. As shown in Figure 1 , the Qball-X4 experiment platform consists of helicopter body, Quarc acquisition card of aircraft data, target computer, power supply and real-time control software. Use the supporting software, the model built by Matlab/Simulink can be compiled to C code, and downloaded to real-time simulation system from PCI card through the parallel port [13] . Thus, the efficiency of the strategy can be verified by this simulation experiment. As shown in Figure 2 , the body coordinate system OXYZ is set up for convenience. Assume that the pitch angleT , roll angle I , yaw angle \ are all zero, Qball takes flat flight. Without loss of generality, only the control results of rotational movement in the X axis are given. We select the displacement, velocity and acceleration in the X axis as the system state variables which satisfy the following equations of state: Considering the common internal parametric uncertainty inside aircraft, and the external interference that aircraft may easily encounter during flight (such as the air flow disturbance), we assume that the parametric uncertainty is
, and the flight control system suffers from the external disturbance that 0.6sin (10 t . We conduct the simulations which are subject to one state constraint each time. 
Condition 1:
The acceleration tracking error constraint is 2 3 3 / e m s d Figure 3 to Figure 6 show the simulation results on condition 1.
It is obvious that there is an initial position tracking error in the X axis in Figure 3 . However, Qball precisely tracks the target displacement in short time. The Figure 4 , Figure 5 and Figure 6 show that the choices of parameters of sliding-mode surface and control law ensure that the system's state tracking errors of replacement, velocity and acceleration converge to zero with accuracy rapidly. Especially, from Figure 6 ,the acceleration tracking error satisfies the state constraint From Figure 7 , we can obtain that there is an initial position tracking error in the X axis obviously, but the system is able to precisely track the target displacement in short time. The Figure 8 , Figure 9 and Figure 10 indicate that the choices of parameters of sliding-mode surface and control law not only satisfy the velocity tracking error constraint 2 15 / e m s d but also make the system's state tracking errors of replacement, velocity and acceleration converge to zero rapidly. But clearly, there is a huge peak in curve of acceleration tracking error in Figure 10 which is unacceptable in reality. This situation would cause the flight control system out of control, or even a damage of vehicle. So when the system exists in the velocity tracking error constraint, the parameters of sliding-mode surface and control law should be selected with other factors, such as the acceleration tracking error constraint and the input constraint. 
CONCLUSIONS
This paper presents a strategy of the optimal sliding-mode control for non-linear flight control system which is subject to parametric uncertainty, external disturbances, and state constraints which are specifically state tracking error constraints. The proposed strategy can ensure that the tracking error converges to zero and minimizes the performance criterion to achieve good tracking accuracy and fast transient response speed on the condition of state constraints.
However, this paper analyses the velocity tracking error constraint and acceleration tracking error constraint respectively, rather than together. Besides, other factors should be taken into consideration to determine the feasible parameters of sliding-mode surface and control law for velocity tracking error only. Therefore, further researches should be done subsequently.
